A series of micro-mechanical tests was carried out in order to investigate the inter-particle coefficient of friction at the contacts of quartz minerals of Leighton Buzzard sand. For this purpose, a custom-built inter-particle loading apparatus was designed and constructed, the main features of which are described briefly in this paper. This apparatus is capable of performing shearing tests at the contacts of soil minerals of a particle-particle type in the range of very small displacements, from less than 1 μm to about 300 μm, and very small normal loads, between about less than 1 N and 15 N. The laboratory data showed that the effects of the normal force and the sliding velocity on the coefficient of dynamic friction are not significant, while dry and saturated surfaces had similar frictional characteristics. The steady state sliding was mobilized within a range of 0.5-3.0 μm of horizontal displacement, and the coefficient of static friction was very similar to the corresponding coefficient during constant shearing. Repeating the inter-particle shearing tests on the same particles and following the same shearing track indicated a small reduction in the inter-particle coefficient of friction after the first shearing, which is possibly related to plastic deformation and damage to the asperities.
Introduction
The complexity of the behavior of granular soils has been partially related to their particulate nature, the processes of particle breakage, the complex interaction mechanisms that dominate the response at the particle contacts and the morphology of the particles (e.g., McDowell and Bolton, 1998; Yimsiri and Soga, 2000; Soga and O'Sullivan, 2010; Cavarretta et al., 2010; Jo et al., 2011) . Recent advances in the Discrete Element Method (DEM), proposed by Cundall and Strack (1979) , have led to a more realistic simulation of the response of granular assemblies and a better understanding of the complex mechanisms that dominate the response of soils. In this direction, modern laboratory methods, such as the X-Ray CT technique, have been developed to quantify the response of particles within the soil mass. The methods give insight into the micro-mechanisms that dominate particulate media (e.g., Watanabe et al., 2012; Fonseca et al., 2012) .
Using DEM, Yimsiri and Soga (2000) showed that when the response at the contacts of discrete particles is modeled taking surface roughness into account, the results from the numerical simulations are then closer to the real behavior observed in laboratory tests. In their DEM study, Wang and Yan (2012) showed that the contribution of particle breakage to the dissipation of energy is very small, but that the process of particle breakage promotes changes in the soil fabric. These changes create an important energy dissipation mechanism, which is related to the frictional response at the contacts of the particles. It seems, therefore, that the laboratory findings by Consoli et al. (2007) and Senetakis et al. (2012 Senetakis et al. ( , 2013a Senetakis et al. ( , 2013b , whereby the granular soils of variable mineralogies and particle morphologies show substantial differences in their static and dynamic properties, is possibly the result of the different energy dissipation mechanisms and the interactions of particles at their contacts even at very small shear strains.
Consequently, a better understanding of the behavior of soils, when treated as a continuum, necessitates a better understanding and a thorough study of the response of soil particles at their contacts. Recent DEM studies, that quantitatively examined the effect of the inter-particle coefficient of friction on the monotonic and cyclic responses of granular assemblies, have also supported this necessity. For example, Barreto and O' Sullivan (2012) showed that an increase in the inter-particle coefficient of friction, μ, increases the peak angle of the shearing resistance and the shear stiffness, and also that the dilative response is more pronounced. In their DEM study, Barreto and O'Sullivan also showed that parameter μ strongly affects the inherent stability of the strong force chains. In an earlier study by Thornton (2000) , it was revealed that the increase in μ significantly affects the behavior of soils in the range of large strains by increasing the critical void ratio. The important role of the inter-particle coefficient of friction on the cyclic response of granular assemblies was also demonstrated by Sazzad and Suzuki (2011) . They showed that the increase in μ decreases the width of the hysteretic loops, and that during unloading and when the inter-particle coefficient of friction is high, for example, higher than 0.8, parameter μ also affects the evolution of the coordination number.
Despite the increasing use of DEM and the perception that the micro-mechanical characteristics of soil particle contacts strongly affect the overall macro-scale response of granular assemblies, the laboratory work investigating the micromechanical characteristics of soils is still limited. Most experimental efforts have been focused on the normal loaddeflection response and the compression strength of soil particles (e.g., Nakata et al., 1999; McDowell and Amon, 2000; McDowell, 2002; Peters, 2007, 2008; Cavarretta et al., 2010) . Experimental works that include a study on the frictional characteristics of soils, particularly for the case when one particle is sheared on the surface of a second one, are extremely limited (e.g., Skinner, 1969; Procter and Barton, 1974; Cole et al., 2010; Cavarretta et al., 2010; Cavarretta et al., 2011) . Instead, most studies presented in literature have been focused on sphere-flat or flat-flat types of contacts for both soil minerals (e.g., Horn and Deere, 1962; Cole et al., 2010) and artificial materials (e.g., Burwell and Rabinowicz, 1953; Baumberger et al., 1999; Baumberger and Carolim 2006; Berthoud et al., 1999; Krick et al., 2012) , which can be implemented more easily in the laboratory. Horn and Deere (1962) showed that while the frictional characteristics at the contacts of the minerals of a massive structure, such as quartz, are not significantly affected by the conditions of the test, i.e., dry or saturated surfaces, they noticed that the friction is much lower during steady state sliding when the surfaces are dry. Recently, Cole et al. (2010) showed that the response at the contacts of the minerals is highly hysteretic for both the range of very small deformations and during steady state sliding. The study by Cole et al. was focused, primarily, on experiments on the sphere-flat type of contacts with additional data for the sphere-sphere type on the artificially created surfaces of mixed mineralogy, while the work by Horn and Deere was focused on the flat-flat type of contacts of surfaces of single mineralogy. Cavarretta et al. (2010) presented inter-particle shearing tests on quartz minerals of a particle-particle type, which is more applicable for real soils, but their work was limited to the dynamic coefficient of friction during steady state sliding without any information on the range of very small deformations.
In this paper the frictional characteristics at the contacts of quartz minerals of a single type and of a particle-particle type are presented in both the range of very small deformations before the onset of steady state sliding and during constant shearing. Quartz particles of Leighton Buzzard sand were investigated in the laboratory with a new micro-mechanical apparatus capable of imposing and measuring loads and deflections in both the normal and the tangential directions at the contacts of particles of sand to gravel size. The effects of the sliding velocity, the confining force and pre-shearing on the inter-particle coefficient of friction as well as the differences between particles tested in dry and saturated states are presented and discussed. Leighton Buzzard sand quartz particles were chosen in this study because of their relatively regular shape and consistent surface roughness.
Laboratory equipment
The new micromechanical apparatus and the repeatability of the experimental data on reference particles (chrome steel balls) have been presented by Senetakis and Coop (2013) . In that study, Senetakis and Coop showed that the use of load cells and displacement transducers of high resolution as well as the use of high quality amplifiers, signal conditioning and a data logging system allows for the performance of tests in the range of very small displacements of the order of less than one to hundreds of microns, while the effect of environmental and electrical noise on the experimental data is minimized. The stiffness of the apparatus in the direction of sliding is sufficiently high in order to prevent stick-slip, while the stiffness in the vertical direction approaches that of apparatuses commonly used for particle crushing tests (Senetakis and Coop, 2013) .
The basic concept of the new apparatus is that one particle, of sand to gravel size, is imposed to slide on the surface of a second particle, stationary in the direction of sliding. A simple scheme of the experimental equipment is given in Fig. 1 . The particles are glued with epoxy on brass mounts which are fixed in brass wells. The lower well is attached to a stainless steel sled, 6 mm in thickness and 60 Â 60 mm in plan. The sled is connected to a linear micro-stepping motor which moves the lower particle with a target sliding velocity. This stepping motor is connected to a load cell that measures the horizontal force at the contact of the particles through a series of stiff mechanical parts. The upper well is connected to a linear micro-stepping motor that applies vertical confinement at the contacts of the particles, a load cell and a series of connecting parts. The horizontal system is held in place by a stiff aluminum upright, which is fixed on an aluminum base, while the vertical system is attached to a thick aluminum plate, which is fixed on a stiff stainless steel frame. A bearing system of three steel balls is used beneath the sled, while a thin stainless steel plate is located between the sled and the aluminum base to minimize the friction of the bearing system.
Linearly variable differential transformers (LVDTs), of a high resolution of about 7 0.1 μm, are used to record the horizontal displacement of the lower particle in the direction of shearing and the response of the upper particle in the vertical direction. A close-up view during a shearing test on chrome steel balls is shown in Fig. 2 . As shown in this figure, the vertical LVDT is attached on the sled through a linear bearing composed of a block and a rail.
In order to maintain the sliding of the lower particle in a constant track, the sled is constrained to move laterally through the system shown in Fig. 3 . In the out-of-plane direction, the sled is connected to an external upright through a similar linear bearing as the one used to attach the vertical LVDT to the sled. The friction produced by the linear bearings and the bearing system beneath the sled can be calibrated easily using simple laboratory procedures (Senetakis and Coop, 2013) .
In recent studies using DEM (e.g., Barreto, 2009) , it was revealed that the contact forces in granular assemblies and for isotropic pressures in the range of 100-400 kPa are of very small magnitude, with maximum values typically between 1 N and 4 N. Therefore, it was of key importance to use load cells of high stiffness that will allow the performance of shearing tests without stick-slip, but also of high resolution (0.02 N in this study) in order to provide high quality data in the range of small forces, typically between 1 and 20 N.
In order to perform tests on particles immersed in liquid, typically distilled water, a small cell with an aluminum frame covered with plexiglas was constructed. A general view of the apparatus during the performance of a test on particles immersed in distilled water is given in Fig. 4 . As shown in this figure, two digital micro-cameras are used in order to check the alignment of the particles and to record the tests. Two different stainless steel frames with slightly different levels of stiffness, denoted as "Frame 1" and "Frame 2", were used. Senetakis and Coop (2013) showed that, when Frame 1 or Frame 2 is used, the differences in the results of the interparticle shearing tests on the reference particles are negligible. 
Particle description, preparation and alignment

Particle description
Quartz particles of Leighton Buzzard sand, fractions 1.18-2.36 and 2.36-5.00 mm, were tested in this study. The surface roughness and the shape of the particles were evaluated using white light interferometry and a Sympatec QicPic lazer scanner, respectively. A flattened three-dimensional view of the surface of a typical particle is shown in Fig. 5 , while a silhouette and shape parameters of a particle are given in Fig. 6 . These shape parameters are described in detail by Cavarretta et al. (2010) .
The surface roughness of the particles was calculated by the root mean square deviation of the heights of the surface, S q , from Eq. (1).
where m and n are the number of points in the x-y plane and z is the deviation at each point from the mean height value (e.g., Cavarretta et al., 2010; Altuhafi and Coop, 2011 ). An area of 20 Â 20 μm was selected to achieve a sufficient resolution and to avoid undetected points on the particle surface. The roughness value was determined by flattening the surface shape in order to avoid the possible influence of the curvature of the particle shape on the value calculated. Through a series of interferometer tests on about 50 particles, from the same sample from which the particles for the shearing tests were selected, it was demonstrated that the particles show a consistent surface roughness with an average value of 0.38 μm and a standard deviation of 7 0.19 μm.
Particle selection and preparation
The particles used in this study were carefully selected in order that they would have relatively spherical shapes. The selection was carried out in two steps; a number of particles were selected from a particular fraction (1.18-2.36 or 2.36-5.00 mm) after visual observation, and thereafter, the most spherical particles among them were selected by observation through an optical microscope. The selected particles were washed with distilled water and oven-dried at 105 1C. Then, the particles to be tested were glued onto the brass mounts. Before the shearing tests, the surfaces of the particles were carefully cleaned using butanone. In the series of tests on particles in a dry state, some samples were oven-dried after being glued on the mounts and before the performance of the shearing tests in order to remove the humidity absorbed at the surfaces of the particles, while other samples were tested without being oven-dried. However, these two different stages of sample preparation did not produce any significant variation in the experimental data.
Particle alignment
The alignment of the particles at the initial position prior to shearing was checked through digital micro-cameras (shown in Fig. 4 ) from two different views, one in the direction of shearing and one in the out-of-plane direction. A typical example of the alignment of the particles at their initial position in the direction of shearing is given in Fig. 7 . The maintenance of the particles close to their apexes in the out-ofplane direction was of crucial importance to obtaining reliable results (Cavarretta et al., 2011) ; and thus, this alignment was also checked during the shearing tests.
Calculations
The tangential force, F T , the normal force, F N , and therefore, the inter-particle coefficient of friction, μ, are calculated from (1) the horizontal loading system in the direction of sliding; (2) stainless steel frame where the vertical loading system is attached; (3) aluminum base; (4) stainless steel thin layer beneath bearing system of sled; (5) cell; and (6) digital micro-cameras (Senetakis and Coop, 2013) . the horizontal force, F h , the vertical force, F v , and the relative positions of the particles during shearing, which gives the angle, α, between the tangential force and the horizontal (Cavarretta et al., 2010 (Cavarretta et al., , 2011 . This angle is calculated by differentiating the vertical displacement with respect to the horizontal. Fig. 8 illustrates the forces at the contact of ideal spherical particles, the angle α and the response of the upperstationary particle which is a function of the relative positions of the two particles.
In the majority of the inter-particle shearing tests in this study, the initial positions of the particles at the start of shearing corresponded to cases (b) or (c) in Fig. 8 ; and thus, the response of the upper particle in the vertical direction followed the track B-C-D or C-D. From simple geometry, the inter-particle coefficient of friction, μ, and the forces F N and F T , can be determined through Eqs. (2)-(4).
Testing program
A series of 26 inter-particle shearing tests of a displacementcontrolled type was carried out in this study. Seventeen tests were performed on particles in a dry state at room temperature of 23.5 1C 7 1 1C, a relative humidity of 93-97% and sliding . Typical alignment of soil particles before performance of inter-particle shearing test. Fig. 8 . Forces developed at contacts of particles during shearing test where upper particle is stationary in direction of sliding (Senetakis and Coop, 2013). velocities between 200 and 1000 μm/h. Nine tests were performed on particles immersed in distilled water with a range of sliding velocities between 600 and 900 μm/h. The vertical confining force was held constant during the shearing tests and varied between 1 and 16 N. The time interval of the data logging the output from the transducers ranged from 6 to 12 s. The total shearing track ranged from 80 to 250 μm in most tests.
The shearing tests of a displacement-controlled type focused on the coefficient of dynamic friction, μ dyn , i.e., the frictional response during constant shearing, with limited information for the response before the onset of a steady-state sliding. For this reason, a series of 38 shearing tests of a force-controlled type, with a time interval for the data logging of about 1 s, was also carried out. These experiments provided more detailed information for the tangential force-displacement response before the onset of steady-state sliding and the coefficient of static friction μ st .
Experimental results and discussion
Coefficient of dynamic friction through tests of a displacement-controlled type
The resultant coefficient of dynamic friction, μ dyn , calculated along the shearing track for representative tests of a displacement-controlled type is given in Fig. 9 for particles in a dry state and in Fig. 10 for particles immersed in distilled water. Depending on the initial positions of the particles at the start of shearing and the morphology of the particles, the interparticle coefficient of friction may initially increase or decrease slightly. In the tests presented in Figs. 9 and 10, the mean μ dyn value as well as the standard deviation of the parameter along the shearing track, μ dyn , are also quoted. The inter-particle coefficient of friction is fairly similar for the particles tested in the dry and saturated states.
In Table 1 , the 26 inter-particle shearing tests of a displacement-controlled type are summarized. In this table, the coefficient of dynamic friction, μ dyn , and the inter-particle friction angle, φ dyn , expressed as mean values along the shearing track, are also quoted. For the particles tested in a dry state, the inter-particle coefficient of friction varies in a narrow range between 0.093 and 0.231. For the particles tested in a saturated state, the values of the inter-particle coefficient of friction are fairly similar to the tests in a dry state, ranging between 0.114 and 0.193. From Table 1 , it is also demonstrated that for the range in vertical confining forces, F v , between 0.9 and 16 N, and sliding velocities, between 200 and 1000 μm/h, the effects of F v and the sliding velocity on the frictional characteristics at the particle contacts seem to be negligible. These data show reasonable repeatability of the resultant inter-particle coefficient of friction during constant shearing, which is possibly attributed to the consistent surface roughness of the particles included in this study. In a limited number of samples, the effect of pre-shearing on the coefficient of dynamic friction was investigated. For example, after the performance of test LBS01A, the vertical confinement was released, the particles were aligned at the same initial positions and a second shearing test, named LBS01B, was carried out at the same sliding velocity and vertical force following the same shearing track. Similar repeating tests were performed in the series LBS05A-LBS05B, LBS12A-LBS12B and LBS13A-LBS13B. These tests demonstrated that after the first shearing, there is a small reduction in the inter-particle coefficient of friction (for example, from 0.128 to 0.106 in tests LBS01A-LBS01B and from 0.179 to 0.170 in tests LBS05A-LBS05B). De la Hire (summarized by Mate, 2008) suggested that one of the main mechanisms that contributes to the development of friction between rough surfaces is the plastic deformation of the asperities. It is possible that this small reduction in the inter-particle friction angle after the first shearing can be partially attributed to some damage of the asperities. In this study, the surface roughness of the particles was investigated only before the shearing tests; further research is needed to quantify the effect of shearing and the number of shearing cycles on particle roughness. Unfortunately, this is technically very difficult as it requires very precise imaging of the exact location of the contact track between the particles. Senetakis et al. (2013b) described a technique that may be used to identify the shearing track, using the interferometry principle when a particle-particle type of contact is considered, and the possible damage to the asperities. They showed that for quartz particles, a decrease in the static coefficient of friction is observed after the first shearing and that this was primarily attributed to the removal of asperities.
The tangential force, F T , is plotted against the normal force, F N , for all tests of a displacement-controlled type in Fig. 11 . The F T and F N values of this figure correspond to the mean values along the shearing track. These results show that, within the scatter of the data, there is a linear envelope which demonstrates that the coefficient of dynamic friction is independent of the force level. The average coefficient of dynamic friction that corresponds to the slope of the F T -F N fitting curve is equal to 0.166. It is also noted that the linear envelope passes through the origin; this is an indication that the corrections to the data for the apparatus friction are accurate.
Static coefficient of friction through tests of a force-controlled type
Typical tangential force-displacement diagrams from the tests of a force-controlled type are given in Fig. 12(a) . These data correspond to a pair of particles subjected to increasing normal loads from 0.8 to 3.0 N. Initially, the tangential force increased abruptly. The onset of a steady state sliding was observed at displacements between about 0.5 and 3.0 μm in most experiments. The corresponding mobilized coefficients of friction are plotted against the displacement in Fig. 12(b) . These tests did not show any significant effect of the normal load on the frictional characteristics at the contacts of the particles. For these experiments, the coefficient of static friction ranged from about 0.23 to 0.24 with very similar values for the coefficient of dynamic friction.
The effect of repeating shearing on the static and dynamic coefficients of friction from the tests of a force-controlled type is plotted in Fig. 13 . These tests corresponded to a normal load of 2.0 N. As for the displacement-controlled tests, it was revealed that a small reduction in the coefficient of friction for both the initial response and beyond a steady state of sliding was reached, as is shown in the figure. In these tests, a very slight decrease in the coefficient of friction was also observed beyond the steady state.
Fig. 14 summarizes the results of the shearing tests of a forcecontrolled type in terms of the tangential force at the onset of a steady-state sliding plotted against the normal force. The envelope shown in this figure corresponds to the coefficient of static friction. As for the tests of a displacement-controlled type, a linear envelope was observed which demonstrates that the static friction is almost independent of the normal load. In the same figure, the trend line from the displacement-controlled tests presented in Fig. 11 is also plotted for comparison. These data show that the average coefficient of dynamic friction was slightly lower than the coefficient of static friction, but within the scatter of the data the differences may not be significant.
Conclusions
The results of a series of inter-particle shearing tests on quartz particles of Leighton Buzzard sand have been presented in this paper. A new apparatus capable of imposing and measuring forces and deflections in the normal and the tangential directions, at the contacts of soil particles of sand to gravel size, was developed for this purpose, the main features of which were described briefly. The shape and surface roughness of the particles were evaluated using advanced laboratory techniques. White light interferometry images showed that the roughness of the particles is consistent with an average value of 0.38 μm and a standard deviation of 7 0.19 μm.
The tests of a displacement-controlled type showed reasonable repeatability of the resultant coefficient of dynamic friction μ dyn , with values between 0.093 and 0.231 for particles tested in a dry state at room temperature and at a relative humidity of 23.5 1C 7 1 1C and 93% to 97%, respectively. Tests on particles immersed in distilled water showed very similar μ dyn values to those in a dry state. The effect of the sliding velocity, ranging from 200 to 1000 μm/h, and the vertical confining force, ranging from 0.9 to 16 N, was very small on the resultant inter-particle coefficient of friction. Repeating inter-particle shearing tests showed a small reduction in the friction angle, which might be attributed to some damage at the asperities during the first shearing.
The tests of a force-controlled type provided information on the response at the contacts of the soil particles before a steady-state was reached. These tests showed that the coefficients of static and dynamic friction, μ st and μ dyn, respectively, were very similar. Steady state sliding was observed at displacements between about 0.5 and 3.0 μm in most experiments. 
